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The effects of dams have long been investigated by aquatic ecologists. However,
most of the research has focused on the physio-chemical changes when a lotic system is
turned into a lentic system, dams as barriers to migratory fishes, and the influence of
introduced species often stocked into reservoirs. It has not been until relatively recently
that the upstream effects have been studied. The central theme here is that while the dam
proper creates a barrier it is possible that the resulting zone of standing water may also
fragment streams from an otherwise connected river system. Stream adapted species that
encounter the reservoir may not tolerate the lentic environment or they may be preyed
upon before re-colonizing the extirpated reaches.
Our hypothesis is that there will be different fish assemblages in tributaries to free
flowing streams versus those that are directly connected to the reservoir. We sampled 17
sites in the Barren River system in South-Central Kentucky in which there is a floodcontrol reservoir. Sites were categorized as fragmented (streams that flow directly into
the reservoir) or upstream and downstream controls (streams that flow into the free
flowing Barren River upstream or downstream of the reservoir).

n

Using multivariate techniques, we found that each category of connectedness has
a distinct assemblage with significant differences in the following three species; Luxilis
chrysocephalus, Pimephales notatus, and Etheostoma spectabile.

While there were also

environmental variables collected using transect techniques that may account for some of
this variation, we reject the alternative hypothesis that fish assemblages are the same
above, flowing into, and below the reservoir. The most striking pattern is seen in Luxilis
chrysocephalus, which was absent from 80% of the fragmented streams. Overall, this
species was the third most abundant but only the ninth most abundant within the
fragmented sites.

Introduction
One of the major mechanisms by which stream systems are altered is the
construction of reservoirs (Baxter 1977; Warren et al. 2000). Some of the most important
effects are abiotic and include changes in the distribution of nutrients, sediments, flow,
heat, and the physical barrier a dam creates (Baxter 1977; Martinez et al. 1994; Marchetti
and Moyle 2001; Osmundson et al. 2002). Related to the change in the environmental
conditions, there are changes in the biotic communities including plants, vertebrates, and
invertebrates (Baxter 1977; Martinez et al. 1994; Jansson et al. 2000).

The most obvious and immediate effects of dams is the physical barrier that is
created. This leads to longitudinal fragmentation of the stream network which imperils
species that require long reaches of stream to complete their life cycles (Martinez et al.
1994; Morita and Yamamoto 2001; Rivinoja et al. 2001). In systems with multiple
impoundments, there is also evidence that this longitudinal fragmentation moves laterally
into the riparian plant communities, negatively affecting seed dispersal (Jansson et al.
2000).

Upstream of a dam, in the impounded zone, what was once a food web based on
allochthonous energy is replaced by one reliant on autochthonous sources and the result
is a turnover in the benthic macroinvertebrate community (Baxter 1977). Many
reservoirs in temperate climates thermally stratify during summer months but upstream
portions, at the inflow, still mix, although it is neither instantaneous nor homogeneous
due to density differences between the inflowing and standing water (Baxter 1977).
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Stream fishes are often highly adapted to the lotic environment in which there are
fluctuations in flow and temperature that are important in their life histories (Bunn and
Arthington 2002; Lythe and Poff 2004). One of the most important factors in structuring
stream fish communities is flow (Schlosser 1982; Moyle and Vondracek 1985; Taylor
and Warren 2001; Bunn and Arthington 2002). While there are areas of flowing water in
reservoirs, these portions are much deeper and wider post-inundation and the
accumulated silt is never scoured to redevelop a benthos that is conducive to lotic adapted
species (Baxter 1977; Marchetti and Moyle 2001; Osmundson et al. 2002).

While reservoirs may retain some of the characteristics of streams and develop
characteristics of natural lakes, neither is necessarily beneficial for the native aquatic
fauna. After a stream has been impounded, much of the physical and thermal energy that
was once dispersed downstream is held back (Baxter 1977) and many of the downstream
effects of dams are similar to those in the impounded section. There are dramatic
changes in both vertebrate and invertebrate communities related to the altered flow
(Growns and Growns 2001; Marchetti and Moyle 2001) and temperature regimes (Quinn
and Adams 1996; Marchetti and Moyle 2001). Different dam operations require releases
from different heights of the dam but often water is sent downstream from the
hypolimnion. The hypolimnion is a deep, stable layer of a reservoir or a natural lake
characterized by a constant, low temperature and low dissolved oxygen content (Baxter
1977).

In streams of the Northwestern United States, the resulting change in downstream
temperature has caused an increase in spring and summer temperatures and subsequently
affected the spawning time of American shad and sockeye salmon (Quinn and Adams
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1996). In the Colorado River basin, the holding back of water on many major tributaries
has diminished spring floods that historically redistributed fine sediments and the
accumulation of these sediments has been implicated in the decline in native fish
production (Osmundson et al. 2002). In general, the change in flow regime and sediment
distribution downstream of a dam alters the channel morphology and subsequently
changes the benthic macroinvertebrate community and may have negative effects on
several native fishes (Growns and Growns 2001; Walters et al. 2003a).
Related to changes in flow and temperature regime is one of the most important
biotic impacts of dams; the introduction and establishment of invasive species (Moyle
and Light 1996). It has been demonstrated that native stream fishes in an impounded
system may be confined to isolated headwater systems where there are more natural
environmental conditions (Marchetti and Moyle 2001) and that fish introductions are
usually only successful if the native system has been greatly disturbed (Moyle and Light
1996). Since reservoirs alter the most important abiotic factors and are often managed as
sport fisheries, a community dominated by native species may be almost completely
replaced by non-native species within a decade after impoundment (Martinez et al. 1994).
These introductions may result in a turnover of fish communities where native stream
fishes are replaced by facultative reservoir species near the impounded zone (Faulke and
Gido 2006), downstream of the reservoir (Martinez et al. 1994) and throughout
impounded watersheds (Guenther and Spacie 2006).

Because of the environmental disparities between lentic and lotic systems,
introductions of potentially invasive fishes and the physical barrier a dam creates, it is
possible that fish assemblage subsets in tributaries just above the dam may no longer
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have the ability to colonize historically connected tributaries (Warren et al. 2000). There
is evidence of this in white-spotted charr where populations upstream of a reservoir are
experiencing genetic drift from downstream populations due to a reservoir that is
preventing interbreeding between these two populations (Morita and Yamamota 2001).
Whether related to the reservoir's biotic or abiotic environment, the position of a
reservoir in the landscape could inhibit free movement of fish species within the stream
network. Because the resulting fragmented streams (those flowing directly into the
reservoir) are not necessarily equal in terms of habitat quality or size, a model
incorporating the tenets of "source-sink" dynamics would predict extirpation in the
fragmented streams that depended on source populations for persistence (Pulliam 1988).
It has not been until relatively recently that research into the effects of dams has
focused on the potential fragmentation effect of the reservoir itself. While findings agree
that dams do affect fish assemblages upstream of reservoir, the extent ranges from
localized to watershed scale changes. After analysis of several impounded watersheds in
Kansas, Faulke and Gido (2006) report that spatial distance from the reservoir explains
6% of the environmental variation structuring upstream fish communities. In all, the
greatest effect was localized where assemblages in fourth to fifth order streams within
about 50 km of a reservoir were characterized by facultative reservoir species and there
was significant homogenization among several watersheds. Similar results from
Buncombe Creek, a tributary to Lake Texoma, are reported by Lienesch et al. (2000) but
extirpations likely due to the reservoir are also noted. Guenther and Spacie (2006) found
significant homogenization of fish assemblages in entire watersheds connected to
reservoirs on the Wabash River. There was also evidence of extirpation as there were
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several species mentioned that occurred in un-fragmented sites but not in fragmented
sites.
In general, the Southeastern United States has relatively high fish diversity but
many species are seriously imperiled by habitat alterations including the construction of
reservoirs (Warren et al. 2000). With the exception of Mexico, the region has the highest
number of endemic fish species in North America (Warren et al. 2000). The present
study was done in the Barren River drainage, an 870 km 2 watershed impounded by a
4,047 ha flood control reservoir in South-Central Kentucky. The Barren River system is
no exception to the highly diverse fish assemblage of the southeast mentioned above.
Two species, Thoburnia atripinnis, and Etheostoma barrenense, occur only in tributaries
to the Barren River (Etnier and Starnes 1993; Warren et al. 2000).
For the most part, streams sampled drain off of the Eastern Highland Rim but two
sites fall within the Western Pennyroyal Karst Plain (Ecoregions of Kentucky Map,
Available at ftp://ftp.epa.gov/wed/ecoregions/ky/ky_front.pdf; Accessed April, 2008).
The region was termed "the barrens" by European settlers of the 18th century because the
Native Americans periodically burned back the forests to create habitat for migrating
buffalo. Barren Reservoir dam was completed by the Army Corps of Engineers in 1960.
(http://www.lrl.usace.army.mil/brl/; Accessed April, 2008). The reservoir is an important
regional fishery and accommodates sport-fishes native to the area such as largemouth and
smallmouth bass. However, there are also introduced species from direct Mississippi
tributaries such as temperate basses of the family Moronidae (Etnier and Starnes 1993).

Using discriminant function analysis (DFA) as a significance test, we hypothesize
a priori that fish assemblages will be significantly different with respect to connectivity
to the reservoir. Because of the establishment of introduced species related to reservoirs
(Martinez 1994), we expect that lentic adapted species associated with reservoirs
(Ameirurus natalis, Cyprinus carpio, and Micropterus salmoides) will be more abundant
in fragmented sites (Falke and Gido 2006). Because we are sampling in typical, small to
medium sized South-Central Kentucky streams, we hypothesize a priori that variation in
environmental variables will not be significantly among connectivity levels which is also
tested using DFA. If groups are not significantly different with the environmental DFA,
any differences in fish assemblages will be more strongly attributable to the reservoir.

On the other hand, if connectivity categories ordinate as a function of
environmental variables, we seek to identify these variables and determine if they may be
attributed to the environmental changes associated with inundation. Guenther and Spacie
(2006) found increased percent sand in fragmented sites that was deposited during
reservoir fluctuations and fine sediments may adversely affect stream fishes (Walters et
al. 2003a). If the connectivity categories are environmentally different in the absence of
a variable logically associated with reservoir operations, then we expect that these to be
associated with species life history traits. For example, if reaches in a particular
connectivity group are geomorphologically distinct, this could be structuring fish
communities based on substrate requirements, totally independent of reservoir effects
(Walters et al. 2003b).

If the DFA's for both the fish and environmental dataset are not significantly
different overall but show strong patterns, we used an ANOVA test on the factor scores

for the first two axes of a principal components analysis (PCA). If any of the variables in
the ANOVA test came out significant, then we used t-tests to do pair-wise comparisons
of each connectivity level for that variable to determine which of the connectivity levels
was different. In addition, we used patterns in the least-squared means to identify
environmental variables and fish species that are different among connectivity levels,
even if they are not significant. A presence absence matrix was also created to
investigate abundance patterns in species that were left out of the overall analyses due to
abundance restrictions.

The most important hypothesis here is that we expect some species that are
abundant overall will have disappeared from fragmented sites (Lienesch et al. 2000). We
expect any species that demonstrates this pattern to have life history traits such as long
migrations or specific spawning requirements that would be prevented by the presence of
a large standing body of water (Bunn and Arthington 2002; Warren et al. 2000). If this
type of pattern is observed, the species' autecology is discussed to determine if it is
consistent with being negatively affected by fragmentation. However, the strongest
evidence of fragmentation would be a species with an abundance pattern outlined above
but not associated with any potential environmental disparities.

Methods and Materials
We sampled 17 sites and categorized by connectedness to the reservoir with the
following criteria; tributaries that flow directly into other tributaries of Barren River
downstream of the reservoir are downstream-connected sites (DC, n = 8), those that flow
directly into tributaries upstream of the reservoir are upstream-connected sites (UC, n =
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2), and tributaries where there is an inundated portion of the Barren River downstream
are fragmented sites (FR, n = 7). At each site, a reach 80 to 100 m long was chosen.
This reach was electrofished for approximately 15 minutes and seined until all habitats
were thoroughly sampled. All fish, except large, easily identified individuals were fixed
in 10% formalin and identified in the lab.

Environmental data was collected along transects 10 m apart and sample points
were 1.5 m in from the stream bank and then 1 m apart. For each point along a transect
the following parameters were recorded; velocity (m/s), depth (cm), stream width (m),
dominant substrate type (bedrock, boulder, cobble, gravel, sand, silt), % embeddedness,
% canopy cover, % woody debris, and % emergent vegetation. A rank system was used
for embededdness where 1 = <15%, 2 = 1 6 - 30%, 3 = 3 1 - 45%, 4 = 46 - 60%, 5 = 6 1 75%, 6 = 76 - 90%, 7 = >90%. Site scale variables such as temperature (°C), pH,
conductivity (|iS/cm), and turbidity (NTU) were also recorded.

Environmental and fish abundance data were analyzed separately using SYSTAT
11.0 and a = 0.05 in all hypothesis tests. Sample sites used in analyses were restricted by
the minimum and maximum upstream drainage of the fragmented group. Upstream
drainage area is defined here as the cumulative amount of watershed area directly above a
sample site. An AVOYA test was used to ensure that upstream drainage areas were not
significantly different among connectivity levels. Upstream drainage areas were
calculated from polygons obtained from the Green River Hydrologic Unit Code (HUC)
13 dataset downloaded from the Kentucky Hydrology Dataset
(www.http.kls.ky.gov/klsdata.htm; Accessed June, 2007) as the Barren River is a 10
Digit HUC sub-basin within the Green River watershed.
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Since the sum of the rows of substrate data was 100%, some of the variables
needed to be removed before using multivariate analyses. The means of all substrate data
were calculated and the lowest means were systematically removed until there were no
sites where the % substrate summed to 100%. Over the sampling season there was a
significant regional drought and one site from August yielded no velocity data. Since
flow data from the latter part of the sampling season was suspect because of these
drought conditions, the sample site was retained and velocity data were removed from all
analyses. Fishes that were confined to certain watersheds and/or constituted < 2% of the
overall sample size were removed. The remaining fish abundance data were log(x+\ )
transformed before analyses.

In order to test for significant differences among connectivity levels for the most
abundant fish species (> 2% overall abundance) and retained environmental variables, we
used discriminant function analysis (DFA) and the associated ANOVA tests. Any
significant variables from the ANOVA from the species abundance data were used in
pair-wise comparisons using a two sample t-tests. For species with significant results
from the ANOVA, we ran Pearson correlations of their abundance against all
environmental variables included to help surmise whether or not the differences were due
to habitat preferences. Because environmental variables were characterized by high
variability, we used a table of means to spot patterns in the variables and these variables
were then tested using a t-test. Reservoir species abundances were also tested using an
ANOVA and then subsequent t-tests.

We also used visual patterns in a presence/absence matrix to analyze fish
abundance patterns in species that were not overall abundant and with the exception of
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four (Nocomis effusus, Notropis leuciodus, Thoburnia atripinnis, and Oncorhynchus
mykiss). The first three species were removed because they are naturally confined to only
certain sub-basins of the Barren River system (Etnier and Starnes 1993) and the last was
removed because it is artificially stocked in only certain streams we sampled. Similarly,
we reveal a posteriori patterns in the means of the environmental variables that appear to
be important, even if they are not significant.

Results

Results - Environmental Data
Variation in mean upstream drainage area (Ha) is not significantly different
among connectivity level using an ANOVA, (F2,14 = 0.023; p = 0.98; Table 1). Variables
retained for analyses are depth (cm), wetted width (m) % bedrock, % boulder, % gravel,
embededdedness, % riparian cover, % woody debris, % emergent vegetation, maximum
depth, minimum depth, maximum width, and minimum width. The DFA sharply
separates connectivity levels (Figure 1) but the overall differences are not significant
(Wilk's-Lambda = 0.006, F4,26 = 1-83, p = 0.2973).
Using ANOVA tests utilized by the DFA, there are no significant univariate
differences either. Scores from the first two PCA axes were used in an ANOVA to
determine if the sites were significantly different in variables that were explaining overall
variation, not just those separating groups. However, none of the among-group PCA
scores were significantly different either. Despite the lack of significance among
environmental variables, the clear differences among connectivity are still addressed.
Using the table of group means (Table 2), the most obvious trends observed were that
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upstream sites tend to have more bedrock than downstream sites (Figure 2), downstreamconnected sites have higher percentages of gravel (Figure 3), downstream controls had
higher maximum depth while upstream connected sites tended to be shallower (Figure 4),
and upstream-connected sites had more cobble than either fragmented or downstreamconnected sites (Figure 5).
Using two sample t-tests, connectivity levels were compared for these four
variables. Both % gravel (t = 2.78, df = 10, p = 0.020) and % bedrock (t = -2.84, df = 10,
p = 0.017) are significantly different among the connected groups where upstreamconnected sites had more bedrock and downstream-connected sites had more gravel.
Cobble was significantly less in fragmented sites than upstream-connected sites (t = 6.37, df = 7, p = 0.002) but downstream-connected sites did not have significantly less
cobble although it was expected to based on Table 2 (t = -1.96, df = 8, p = 0.092).

Results - Fish Data
A total of 9,002 individuals and 52 species were captured. After drainage
restrictions, there were 6,390 individuals and 47 species (Table 3). Out of that, 5,995
individuals and 13 species are retained following both drainage area and species
abundance restrictions. Fish species also separated sites based on connectivity in the
DFA (Figure 6), but again, the overall multivariate analysis was not significant (Wilk'sLambda = 0.005, Fo j 4 = 2.05, p = 0.2554) so we reject the hypothesis that there are
different fish assemblages in streams flowing directly into Barren Reservoir versus those
that flow into Barren River. There were also no significant differences detected in
designated reservoir species (Cyprinus carpio, Ameirurus natalis, or Micropterus
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salmoides) among connectivity levels so we also reject the hypothesis that reservoir
species have become established in fragmented streams of the Barren River watershed.
Although the overall multivariate p-value for the DFA is not significant, there is a
significant difference in three individual species (Pimephales notatus, Luxilis
chrysocephalus, and Fundulus catenatus) from the ANOVA (Table 4). Both Pimephales
notatus and Fundulus catenatus tended to be more abundant in the upstream connectivity
levels. However, only Pimephales notatus is significantly more abundant in fragmented
sites versus downstream-connected sites (t = -3.46; Df = 13; p = 0.006). On the other
hand, Fundulus catenatus is significantly more abundant in upstream-connected sites
than in downstream-connected sites (t = -4.48; Df = 8; p = 0.002). There are only two
sample sites making up the upstream-connected category therefore the variation around
the mean for this parameter is large, leaving the estimate questionable. Luxilis
chrysocephalus is significantly lower in abundance in fragmented sites than in
downstream-connected sites (t = 4.00; Df = 11, p = 0.002) but not significantly different
compared to upstream-connected sites although it is clear that there was the greatest
average abundance of this species captured in upstream-connected sites.
The univariate ANOVA of the two PCA axis scores for the fish dataset did not
reveal significance differences despite the significance in the species above. Again,
however, there was a clear pattern where the scores for axis two were close to being
significantly different (F2,14 = 3.71; p = 0.051). The scores for the second PCA axis in
the upstream-connected and fragmented sites tended to be lower than the downstreamconnected sites. The PCA scores are revealed in Table 5 and while the scores are not
significantly different, there are still patterns. Along axis one, there is a predictable
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longitudinal effect from species that tend to be abundant in small streams versus those
that tend to be associated with large streams. However, along axis two, there is a pattern
that demonstrates the species that are more or less abundant in different connectivity
levels.
The presence absence data (Table 6) created for the 49 remaining species did not
reveal any strong patterns. The only species that was present in all connectivity
categories but not in fragmented sites was Noturus elegans. Despite the pattern, we don't
believe this is a result of fragmentation because this species was never abundant and is
difficult to capture because it is a benthic oriented species. There were also no strong
correlations between significantly different fish species and environmental variables but
there are important, moderate correlations we reveal in the discussion.
Despite the limitations of the uspstream-connected sites' sample size (N = 2) and
the contradiction of probabilities between multivariate and univariate tests, the overall
trends among the three connectivity levels are consistent with the DFA bi-plot.
Pimephales notatus and Fundulus catenatus are greater in abundance upstream of the
reservoir while Luxilis chrysocephalus drops out of the fragmented sites but is in high
relative abundance in both of the connected categories. Fragmented sites tended to have
intermediate abundances of the other two species {Pimephales notatus and Fundulus
catenatus).

Pimephales notatus and Fundulus catenatus are the most important species

as their relative abundances polarize all three connectivity levels across Factor 1 while
Luxilis chrysocephalus is only significantly less abundant in fragmented sites, causing the
connected levels to look similar along Factor 2 but the cloud of fragmented sites can still
be distinguished.
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Discussion
Because overall patterns of species abundance were not significantly different
with respect to connectivity level, we reject the hypothesis that there are significantly
distinct fish assemblages above, flowing into, and below Barren River Reservoir.
Similarly, we reject the hypothesis that environmental variables are significantly different
among connectivity categories. However, there were strong patterns with % bedrock, %
gravel, maximum depth where percent bedrock and % gravel were significantly different
between upstream-connected sites and downstream-connected sites. Downstreamconnected sites had significantly more gravel while upstream-connected sites had more
bedrock. In addition, fragmented sites also contained high amounts of bedrock. The
small sample size of the upstream-connected sites and the associated variation makes the
discrepancy between multivariate and univariate results difficult to explain for both the
environmental and fish datasets.
The potential influence of fine sediments on aquatic systems (Walters et al.
2003a) compelled us to see if there would be more silt and sand in fragmented sites. The
only site we sampled that was close enough to the reservoir that would be directly
impacted by inundation was removed from analyses by the watershed restrictions. In
addition, mean % silt and sand were removed due to the manner by which we removed
variables. Therefore, none of the substrate variables that are important in the analyses are
attributable to the reservoir. Even if % silt and % sand were tested, their values were low
and variability high (most sites contained neither), rendering significant results
potentially misleading.
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Local substrates and geomorphological processes that are controlled by stream
gradients have a profound effect on macroinvertebrate and fish community structure
(Huryn and Wallace 1987; Walters et al. 2003). Despite being similar geologically in
broad terms, there are certainly site scale disparities between upstream and downstream
sites based on significant differences in % bedrock and % gravel. The drainages
upstream of the dam appear to be much more geologically complex (Geologic Map of
Kentucky, Sesquicentennial Edition, 1988. U.S. and Kentucky Geological Surveys) and
shaded relief maps make it clear that upstream sites tend to have more relief in their
drainage basins (http://gisdata.usgs.gov/Website/Kentucky/viewer.php; Accessed April,
2008).

The overall abundance patterns of fish species were not significantly different
and neither were those seen in designated reservoir species. However, the three common
carp (Cyprinus carpio) were all captured in fragmented sites. In addition, we identified
three species that were significantly different using univariate ANOVA tests.

Pimephales

notatus was most abundant in fragmented sites and, in general, fragmented sites are
characterized by moderate amounts of gravel, bedrock and depth. This species is
reported to prefer larger streams (Kuehne 1962) and is associated with warmer,
backwater habitats and small ponds where they may spawn on almost any benthic object
but prefer sand or gravel (Pflieger 1997).
Given this, we would expect the downstream-connected sites to have the greatest
abundance of this species as those sites were the deepest and contained the most gravel
on average but in fact the downstream category had the least. Because this species is also
reported to successfully inhabit ponds and backwater areas, it seems unlikely this pattern
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is due to isolation by the reservoir. There is no real good explanation for this pattern
except natural variation. It appears to be ubiquitous throughout its range in streams of all
sizes and different habitats (Etnier and Starnes 1993; Pflieger 1997), and certainly does
not appear to have any life history strategies that would be hampered by a reservoir.
The pattern observed in Fundulus catenatus is also difficult to explain. This
species was most abundant in upstream-connected sites which were shallow and
contained the second highest amounts of bedrock and had very little gravel. This species
is reported to be collected primarily off of a gravel bottom and feed on insects throughout
the water column (Fisher 1981). This species tends to be oriented to the shorelines in
small to medium streams and lays eggs over clean gravel (Etneir and Starnes 1993;
Pflieger 1997). Again, based on this, we would expect this species to be the most
abundant in downstream-connected sites but these sites contained the least. This species
is reported to migrate to smaller streams during summer months but it is not clear
whether or not this is important to its reproduction (Fisher 1981; Etnier and Starnes
1993). The patterns in Fisher (1981) show that this species disappears from second and
third order streams but re-appears in the warmer months (April -July) when they spawn.
Given the timing of this migration, it may be that this species prefers to reproduce in
smaller streams and overwinters in larger streams.
If this is the case, Barren River has largely inundated medium sized second, third,
and fourth order streams potentially fragmenting stream access for this species.
However, if this pattern was due to reservoir connectivity, we would expect significantly
more of this species in downstream sites. Because we sampled this species in highest
abundance in habitats inconsistent with that in the literature, this pattern is most likely
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due to natural variation. This especially makes sense when considering the upstreamconnected sites consisted of only a sample size of two.
The most striking pattern, and one that supports the hypothesis that species may
be disappearing from fragmented sites, is that seen in Luxilis chrysocephalus which was
significantly lower in abundance in fragmented sites than in downstream-connected sites
and, although not significant, lower in abundance than in upstream-connected sites.
Overall, this species was ranked third in abundance but only ninth among fragmented
sites and was not captured at all in five of the seven fragmented streams.
This species prefers third to fourth order streams (Kuehne 1962), has a low
extinction rate and a moderate immigration rate (Taylor and Warren 2001), and is
assumed to have a similar reproductive life history to that of a closely related species,
Luxilus cornutus which may spawn in other minnows' or nests are built by males over
clean gravel in swift or calm water (Etnier and Starnes 1993). This species does not
appear to migrate to spawn and does not inhabit very small or very large streams in great
abundance.
There is a negative correlation between % bedrock and Luxilis

chrysocephalus

abundance (Pearson, r = -0.499), although one of the largest catches (n = 129) of this
species was from Indian Creek which had 39% bedrock. Because this species spawns
over gravel, high amounts of bedrock may limit its ability to persist in the smaller
fragmented streams. However, substrate does not explain the entire pattern, especially
considering that over 160 individuals were captured among the two upstream-connected
sites which happen to also be characterized by bedrock.
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A similar pattern to that seen here in Luxilis chrysocephalus is reported in the Red
and Washita Rivers that are tributaries to Lake Texoma. Based on historical datasets,
Cyprinella lutrensis was one of the most abundant species but it is now ranked 10th and
has disappeared from several streams that flow directly into the reservoir (Matthews and
Marsh-Matthews 2007). These patterns may be evidence in support of the findings in
Fagan et al. (2002) where the fragmentation level of populations was more important than
their local abundances in models with relatively large spatial scales.
In addition, modeling the extinction risks of organisms in a bifurcating system
indicates that these systems may have higher chances of extinction than those in linear
systems provided the network is sufficiently disrupted (Fagan 2002). The location of the
disturbance, the previous level of connectivity, and environmental quality are very
important in sustaining populations in disturbed bifurcating systems (Fagan 2002). If
Luxilus chrysocephalus was already dependent on colonizers in these fragmented
streams, despite its local abundance, there may have been enough small to medium sized
stream habitat inundated by Barren River Reservoir for it to become rare or extirpated.
In summary, we found no multivariate significant differences in either
environmental variables or species abundance but there were strong patterns observed in
both. In both the environmental and fish abundance datasets, univariate analyses
revealed some significant differences. The environmental disparities among these sites
are based on a gradient of substrate from bedrock in the upstream and fragmented reaches
to gravel in the downstream reaches. We found that one species, Luxilis

chrysocephalus,

has mostly dropped out of fragmented sites. While this pattern may partially be
explained by environmental parameters, it is also consistent with the concept that the
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reservoir is preventing recolonization of this species. Because it utilizes gravel for
spawning, it is possible that the substrate and watershed area in the fragmented sites
prevented Luxilis chrysocephalus from ever becoming highly abundant in those particular
streams to begin with. It may be that the loss of habitat due to inundation was a primary
reason for their decline and the fragmentation effect of the reservoir was secondary.
Further studies should be done on the dispersal ability and life history of Luxilis
chrysocepahlus to find particular mechanisms by which a reservoir could fragment their
populations. We focus on this species but we must remember that we analyzed only 13
out of 52 species captured. The rarer species within the Barren River system that were
removed from analyses may be experiencing similar population declines. We used a
presence/absence matrix relaxing abundance restrictions but we did not find any evidence
of fragmentation. Since a presence/absence matrix is not sensitive to relative
abundances, more sampling is required to detect patterns in the relatively rare species.
While we did not quantify habitat size, it is logical that the area of suitable stream fish
habitat decreases when the reservoir inundates much of what once was flowing water.
Therefore, we expect species that were not abundant to begin with to disappear first
within smaller fragments first (Pulliam 1988).
The effects of habitat fragmentation are documented in birds (Herkert 1994),
mammals (Harrington et al. 2001), plants (Scariot 1999), arthropods (Didham et al.
1998.) and of course, fishes (Guenther and Spacie 2006). Across taxa, the most
important determinant of species persistence is typically habitat patch size (Fahrig 2002;
Harrington et al. 2001; Hekert 1994). The construction of a reservoir inevitably reduces
habitat available for streamfishes and often times result in the establishment of invasive
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fish species. The results of this study provide a case of apparent fragmentation to the
relatively recent body of knowledge pertaining to the upstream effects of reservoirs but
we also demonstrate that reservoir species are not necessarily more abundant in
fragmented streams as Falke and Gido (2006) found. Patterns similar to what we have
observed here will drive further research into the mechanisms of fragmentation and the
species that may be most affected.
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Tables

Table 1 - Summary of watershed sizes sampled in each connectivity category (DC
downstream control, UC = upstream control, and FR = fragmented) including sample
(N), mean, standard deviation (SD), maximum, and minimum.

Connectivity

N

Mean

SD

Maximum

Minimum

DC

8

8107

5071

13727

1258

UC

2

7624

5112

13746

1240

FR

7

7464

6873

16307

1056
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Table 2 - Descriptive statistics of all environmental variables for each connectivity category including mean, standard deviation
(SD), maximum, and minimum. Embededness is abbreviated Embed, and variables chosen to be analyzed in hypothesis tests are
underlined and italicized.

Watershed Area
(ha)

Velocity
(m/s)

Depth
(cm)

Stream
Width (m)

Mean
SD
Max
Min

13586.1
12525.4
35893.0
744.0

0.1
0.1
0.3
0.0

27.2
9.3
45.2
17.4

12.4
4.9
21.9
5.0

Mean
SD
Max
Min

7463.8
6873.3
16307.0
1056.0

0.1
0.1
0.2
0.0

21.9
8.1
32.6
11.4

9.3
4.0
14.6
5.5

Mean
SD
Max
Min

13617.7
10567.1
30548.0
1240.0

0.1
0.1
0.2
0.0

20.5
9.6
36.0

14.3
5.2
22.3
8.8

11.9

0/
%

„
B

,,
°U,der

Downstream Controls
2.7
3.8
11.5
0.0
Upstream Controls
4.4
6.9
15.8
0.0
Fragmented
7.7
13.2
34.4
0.0

% Bedrock

% Cobble

% Gravel

%
Sand

%
Silt

%
Embed.

7.8
13.6
46.7
0.0

18.4
12.2
37.3
0.0

60.1
16.5
81.5
31.7

9.3
7.3
19.7
0.0

1.6
2.1
6.7
0.0

5.7
0.9
6.8
3.5

24.1
36.9
88.9
0.0

13.2
6.8
20.7
3.7

49.9
27.1
81.6
7.4

6.8
6.1
14.0
0.0

1.6
2.7
6.3
0.0

5.8
0.5
6.7
5.3

18.6
17.6
40.5
0.0

23.7
14.1
37.5
2.2

35.8
23.5
62.2
10.4

10.8
7.5
23.6
3.3

3.3
2.3
5.6
0.0

5.9
0.8
6.5
4.6
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Table 2 - Descriptive statistics of all environmental variables for each connectivity category including mean, standard deviation
(SD), maximum, and minimum. Embededness is abbreviated Embed, and variables chosen to be analyzed in hypothesis tests are
underlined and italicized.

Debris

Cover

Mean
SD
Max
Min

1.3
1.4
3.9
00

22.3
17.2
53.3
3A

Mean
SD
Max
Min

1.3
1.3
3.0
00

42.8
12.9
61.1
307

Mean
SD
Max
Min

1.3
1.0
2.6
0.0

31.8
13.5
51.6
18.9

Vegetation

Depth
——

Downstream Controls
2.3
71.0
3.5
22.3
10.0
116.0
00
4Z0
Upstream Controls
0.0
74.0
0.0
27.5
0.0
112.0
OO
500
Fragmented
0.3
0.6
1.5
0.0

56.7
25.8
104.0
34.0

Width

Depth
r

Width

16.2
7.1
31.5
6X)

1.9
4.2
14.0
OO

7.0
3.2
11.9
2.0

12.1
4.3
18.0
X8

1.4
2.6
6.0
00

5.6
2.6
9.5
2.5

18.6
4.8
25.5
12.3

2.7
3.9
9.0
0.0

9.8
5.0
18.6
5.3
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Table 3 - Summary table of the relative abundance for each species in each
connectivity level out of the total catch after watershed restriction but before species
abundance restrictions. Species are ranked from largest to smallest by the relative
abundance across connectivity levels. Numbers in parentheses represent the percent
overall catch for the corresponding connectivity level (N = 6,390).

Species

DC
(40.6%)

Campostoma oligolepis
Cyprinella spiloptera
Cyprinella whipplei
Cyprinus carpio
Erimystax dissmilis
Hybobsis amblops
Luxilis chrysocephalus
Lythrurus fasciolaris
Nocomis effusus
Notropis boops
Notropis leuciodus
Notropis photogenis
Notropis rubellus
Notropis volucellus
Phoxinus erhthrogaster
Pimephales notatus
Rhynicthys aratulus
Semotilus atromaculatus
Catostomus commersoni
Hypentellium nigricans
Moxostoma duquesnei
M. erythrurum
Thoburnia atripinnis
Ameirurus natalis
Noturus elegans
Oncorhynchus mykiss
Fundulus catnatus
Gambusia affinis
Labidesthes sicculus
Cottus carolinae

8.29
0.38
0.00
0.00
0.00
0.09
4.01
8.92
0.00
0.06
0.03
0.80
0.05
0.13
2.47
0.75
0.00
2.72
0.06
0.63
0.38
0.00
0.00
0.06
0.02
0.06
0.27
0.00
0.00
2.60

UC
(15.6%)
3.04
0.14
0.00
0.00
0.03
0.00
2.61
3.00
0.03
0.00
0.00
0.27
0.34
0.22
0.02
0.34
0.14
0.56
0.00
0.42
0.02
0.00
0.05
0.02
0.00
0.00
1.49
0.20
0.00
0.44

FR
(43.8%)

Sum

16.79
0.88
0.44
0.05
0.00
0.00
1.78
4.51
0.05
0.00
0.14
2.94
0.00
0.00
1.58
2.18
0.02
2.44
0.03
0.69
0.27
0.05
0.38
0.06
0.00
0.02
1.08
0.00
0.06
1.64

28.12
1.39
0.44
0.05
0.03
0.09
8.40
16.43
0.08
0.06
0.17
4.01
0.39
0.34
4.07
3.27
0.16
5.73
0.09
1.74
0.66
0.05
0.42
0.14
0.02
0.08
2.83
0.20
0.06
4.68
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Table 2 Continued - Summary of the relative abundance for each species in each
connectivity level out of the total catch after watershed restriction but before species
abundance restrictions. Species are ranked from largest to smallest by the relative
abundance across connectivity levels. Numbers in parentheses represent the percent
overall catch for the corresponding connectivity level (N = 6,390).

Ambloplites rupestris
Lepomis cyanellus
Lepomis macrochirus
Lepomis megalotis
Micropterus dolomieu
Micropterus punctulatus
Micropterus salmoides
Etheostoma barrenense
Etheostoma bellum
Etheostoma blennioides
Etheostoma caeruleum
Etheostoma flabellare
Etheostoma spectabile
Etheostoma squamiceps
Etheostoma stigmaeum
Etheostoma zonale
Percina caprodes
Percina stictogaster

DC
(40.6%)
0.27
0.08
0.13
1.47
0.08
0.11
0.03
0.67
0.38
0.58
1.74
0.38
1.49
0.16
0.13
0.09
0.00
0.03

uc
(15.6%)
0.00
0.03
0.02
0.72
0.03
0.13
0.00
0.13
0.08
0.50
0.31
0.00
0.05
0.00
0.08
0.13
0.06
0.00

FR
(43.8%)
0.11
0.31
0.34
1.16
0.05
0.05
0.00
0.39
0.45
0.23
1.05
0.74
0.36
0.00
0.08
0.30
0.13
0.00

Sum

40.6

15.6

43.8

Species

Sum
0.38
0.42
0.49
3.35
0.16
0.28
0.03
1.19
0.91
1.31
3.10
1.11
1.89
0.16
0.28
0.52
0.19
0.03
100.0
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Table 4 - Summary of the significant means (ANOVA) for fish as variables among
connectivity levels including number sampled (N), % relative abundance from total catch
(% RA), sums of squares (SS), degrees of freedom (df), means of squares (MS), F-ratio
(F), and p-value.
Species
Luxilis

chrysocephalus

Pimephales notatus
Etheostoma

spectabile

N

% RA

SS

MS

df

F

P-value

537

10

4.260

2.130

2

5.548

0.017

209

4

1.876

0.938

2

5.794

0.015

121

2

1.295

0.648

2

4.292

0.035
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Table 5 - PCA loadings for the 13 fish species retained for analyses. Axis I shows a
longitudinal pattern where species associated with small streams and large streams load
highly in opposite directions and along Axis II, species that are ubiquitous and relatively
rare in specific connectivity categories load highly in opposite directions.

Species

Axis 1 (35%)

Axis 2 (18%)

Campostoma oligolepis

0.220

-0.684

Luxilis chrysocephalus

0.176

0.596

Lythrurus fasciolaris

-0.016

0.403

Notropis photogenis

0.734

0.415

Phoxinus erythrogaster

-0.810

-0.257

Pimephales notatus

0.420

-0.641

Semotilus atromaculatus

-0.793

-0.434

Hypentellium nigricans

0.810

0.032

Fundulus catenatus

0.055

-0.560

Cottus carolinae

0.055

0.222

Lepomis megalotis

0.828

-0.229

Etheostoma caeruleum

0.365

0.150

Etheostoma spectabile

-0.839

0.142
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Table 6 - Presence/absence table of 49 of the 52 species captured that are not known
to only occur in certain streams of the sample area. DC = Downstream-connected sites,
UC = Upstream-connected sites, FR = Fragmented sites.

Species
Ambloplites rupestris
Ameirurus natalis
Campostoma oligolepis
Catostomus commersoni
Cottus carolinae
Cyprinella spiloptera
Cyprinella whipplei
Cyprinus carpio
Erimystax dissmilis
Etheostoma barrenense
Etheostoma bellum
Etheostoma blennioides
Etheostoma caeruleum
Etheostoma flabellare
Etheostoma spectabile
Etheostoma squamiceps
Etheostoma stigmaeum
Etheostoma zonale
Fundulus catnatus
Gambusia affinis
Hybobsis amblops

DC

UC

FR

1
1
1
1

1
1
1

1

1

1

1
1
1
1
1
.
1

1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1

1
1
1

1
1
1
1
1
1
1
1
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Table 6 Continued - Presence/absence table of 49 of the 52 species captured that are
not known to only occur in certain streams of the sample area. DC = Downstreamconnected sites, UC = Upstream-connected sites, FR = Fragmented sites.

Species

DC

UC

FR

Hypentellium nigricans
Labidesthes sicculus
Lepomis cyanellus
Lepomis macrochirus
Lepomis megalotis
Luxilis chrysocephalus
Lythrurus fasciolaris
Micropterus dolomieu
Micropterus punctulatus
Micropterus salmoides
Moxostoma duquesnei
Moxostoma erythrurum
Notropis boops
Notropis photogenis
Notropis rubellus
Notropis volucellus
Noturus elegans
Percina caprodes
Percina stictogaster
Phoxinus erhthrogaster
Pimephales notatus
Rhynicthys aratulus

1

1

1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1

Semotilus atromaculatus

1

1
1
1
1
1
1
1
1

1

1
1

1
1
1
1

1

1
1
1

1
1
1

1

1

1
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Figures
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• UC
SC0RE(1)

Figure 1 - Discriminant function analysis bi-plot showing the canonical scores for the
environmental variables. DC = Downstream-connected (N = 8), FR = Fragmented (N =
7), DC = Downstream-connected (N = 2).
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Figure 2 - Percent bedrock for each connectivity category (DC = Downstreamconnected, FR = Fragmented, UC = Upstream-connected).
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Figure 3 ~ Percent gravel for each connectivity category (DC = Downstreamconnected, FR = Fragmented, UC = Upstream-connected).
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Figure 4 - Maximum depth for each connectivity category (DC = Downstreamconnected, FR = Fragmented, UC = Upstream-connected).
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Figure 5 - Maximum depth for each connectivity category (DC = Downstreamconnected, FR = Fragmented, UC = Upstream-connected).
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Figure 6 - Bi-plot of discriminant function analysis scores based on 13 fish species'
abundance retained for each connectivity level. DC = Downstream-connected (N = 2),
FR = Fragmented (N = 7), and UC = Upstream-connected (N = 8).

